###### Strengths and limitations of this study

-   The proposed systematic review will incorporate and synthesise evidence from a broad scope of study designs.

-   Conclusions drawn from this work will extensively sum up strategic perspectives pertinent to evaluation of immune responses to pertussis vaccines.

-   The findings will contribute to expanding the knowledge-base on the immune response to pertussis vaccines.

-   Heterogeneity due to variations in the antigen formulations of acellular pertussis vaccines may limit the ability to conduct meta-analysis.

-   The study will not review evidence from pre-clinical and in vitro studies.

Introduction {#s1}
============

Background {#s1a}
----------

Pertussis or 'whooping cough' is a severe and highly contagious respiratory disease caused by the Gram-negative bacteria, *Bordetella pertussis*.[@R1] Fortunately, pertussis is a vaccine preventable disease. There are two types of vaccines recommended for use against pertussis, the whole-cell pertussis (wP) vaccine and the acellular pertussis (aP) vaccine. Despite the availability of these vaccines, pertussis remains endemic worldwide.[@R1] Although both vaccines have been shown to be safe and efficacious, neither vaccine provides long-lasting or lifelong immune protection against pertussis.[@R2] Efforts to extend the immune protection conferred by pertussis vaccines and to develop new and improved vaccines have faced several challenges. One of these challenges is the fact that the immune response to pertussis vaccines is yet to be fully understood.[@R2] What has been established is that both aP and wP induce humoral and cell-mediated immune responses. The humoral and cellular immune responses following pertussis vaccination have been characterised previously.[@R4] However, systematic synthesis of the immunological assays and outcomes used to characterise the immune response to pertussis vaccines is lacking.

The humoral immune response commonly measured following pertussis vaccination include antibodies that are specific to purified *B. pertussis* antigens contained in the vaccine. Pertussis vaccines, produced by different manufacturers, contain varying formulations of these antigens. The aP antigens, for example, include purified pertussis toxin (PT), filamentous haemagglutinin (FHA) and pertactin (PRN).[@R7] In addition to these three antigens, some aP may also contain a purified formulation of one or both serologically distinct fimbriae (FIM-2/3).[@R8] Measurement of the antibodies to these antigens can be quantitative (titres) or qualitative (avidity and subclasses).[@R9] The commonly measured antibodies are IgG, and in some cases IgA.[@R11] Following pertussis vaccination, IgG is the most frequent antibody isotype demonstrated in blood.[@R10] It has been established that all four major IgG subclasses (IgG1, IgG2, IgG3 and IgG4) are produced in response to PT, FHA and PRN antigens.[@R10] In the absence of universally established correlates of immune protection against pertussis, measuring the distribution of these IgG subclasses to each of the vaccine antigens provides insight into protective immune response after pertussis vaccination.[@R10] Overall, IgG1 has been shown to be the predominant IgG subclass produced for all pertussis antigens and in response to both wP and aP.[@R10] In contrast, IgG2 and IgG3 generally contribute minimally to the total IgG response.[@R10] An elevated IgG4 response has been reported among individuals primed with aP during infancy and in response to repeated aP booster vaccination. The elevated IgG4 response has been attributed to the T-helper 2 (Th2)-skewed immune response induced by aP.[@R10] Detection of IgA is typically indicative of a prior infection but has also been demonstrated following pertussis vaccination. The IgA response has been reported to be significantly higher in response to wP compared with aP vaccines.[@R12] The ELISA, Chinese Hamster Ovary (CHO) cell-based PT-neutralising antibody assay, as well as multiplex bead-based antibody assays are routinely used to measure the humoral immune response following pertussis vaccination.[@R14] Another assay used in assessing the humoral immune response following vaccination with wP is the FIM agglutination assay.[@R17] Serum and plasma are ideal biological samples to use for the measurement of specific antibodies induced following pertussis vaccination.[@R13]

The cellular immune response to pertussis vaccines is mediated by Th cells, like the Th1, Th2 or Th17.[@R18] While wP induces predominantly Th1 responses, aP induces a mixed Th2 and Th17 response.[@R2] Pertussis-specific B-cell memory responses following vaccination have also been documented.[@R2] Quantitative (frequencies of memory T cells and B cells and proportions of cytokine productions) and qualitative (multifunctional cytokine production) measurements of the pertussis-specific cell-mediated immune response can be characterised by flow cytometry. Other common assays used to assess the cell-mediated immune response include the multiplex bead-based immunoassay for cytokines, the enzyme-linked immunospot and the Fluorospot which count the number of cytokine-secreting cells (including specific immunoglobulin-producing B cells, antigen-specific plasma blasts and memory B cells) and measures IgG subclasses.[@R14] To evaluate cell-mediated immune responses to pertussis vaccines, the commonly used biological samples are whole blood and peripheral blood mononuclear cells.[@R5]

Rationale {#s1b}
---------

Comprehensive characterisation of the immune response induced by pertussis vaccines remains a key focus area in the field of pertussis vaccinology. Recent reports of resurgence in the burden of pertussis in settings using either wP or aP have further driven the need to better understand the characteristics of the immune protection conferred by pertussis vaccines.[@R27] The proposed systematic review will comprehensively synthesise the existing evidence on the humoral and cell-mediated immune response to wP and aP. For this purpose, we will synthesise and summarise evidence on the various assays used, the biological samples typically tested, the types of antigens used to stimulate these samples and the different immunological outcomes assessed. The primary intent of the review, therefore, will be to advance our limited understanding of the humoral and cell-mediated immune response induced after vaccination with either wP or aP.

METHODS {#s2}
=======

Objective {#s2a}
---------

To carry out a systematic review and meta-analysis evaluating pertussis vaccine-induced humoral and cell-mediated immune responses.

### Primary objective {#s2a1}

-   To describe the pertussis vaccine-induced humoral and cell-mediated immune responses following vaccination with wP and aP.

### Secondary objectives {#s2a2}

-   To describe the different biological samples used in assessing pertussis vaccine-induced immune responses.

-   To describe the types of antigens used to stimulate samples during post-pertussis vaccination immune response assessments.

-   To determine the array of immunological assays used in assessing pertussis vaccine-induced immune responses.

Eligibility criteria {#s2b}
--------------------

### Types of participants {#s2b1}

The proposed systematic review will incorporate studies involving newborns, infants, children, adolescents, and adults, and report on the humoral and cell-mediated immune responses following pertussis vaccination.

### Inclusion criteria {#s2b2}

-   Studies that measure and report immune responses specific to pertussis vaccination in humans.

-   Cross-sectional, case--control, prospective studies, randomised and non-randomised clinical trials, surveillance, before-and-after, interrupted time series and case-series study designs.

-   Studies published between 1990 (the year of aP introduction) and 2018.

-   Studies published in English.

### Exclusion criteria {#s2b3}

-   Studies on infants in relation to perinatally transmitted pertussis-specific immunity.

-   Pre-clinical and in vitro studies.

-   Reviews including systematic reviews and meta-analysis.

-   Studies published before 1990.

-   Studies published in languages other than English.

Type of intervention {#s2c}
--------------------

aP and wP vaccines.

Outcomes {#s2d}
--------

### Primary outcomes {#s2d1}

-   Quantity of immune responses (humoral and cell-mediated) post-pertussis vaccination.

-   Quality of immune responses (humoral and cell-mediated) post-pertussis vaccination.

### Secondary outcomes {#s2d2}

-   Types of immunoassays used in assessing immune responses post-pertussis vaccination.

-   Types of antigens used to stimulate samples during post-pertussis vaccination immune response assessments.

-   Types of biological samples used in assessing immune responses post-pertussis vaccination.

Types of studies {#s2e}
----------------

The proposed systematic review will include studies with the following designs: cross-sectional, case--control, prospective, randomised and non-randomised clinical trials, surveillance, before-and-after, interrupted time series and case-series. Retrospective and prospective studies, inpatient and outpatient as well as population-based studies will be included if they are of the requisite design.

Study start and end dates {#s2f}
-------------------------

The proposed systematic review is expected to begin in December 2018 and will be concluded by October 2019.

Search strategy {#s2g}
---------------

A rigorous search strategy will be used to identify studies published between January 1990 and April 2019. Keywords, search terms and associated synonyms relating to pertussis vaccination in different population groups will be used to retrieve the relevant literature. Medical subject headings as well as common terms will be used as appropriate. An attempt will be made to standardise the search strategy across all electronic databases and websites. Where database or website specifications do not make this possible, the search strategy will be suitably adapted. The search strategy developed for the review is presented in [table 1](#T1){ref-type="table"}.

###### 

Literature search strategy

  Query number   Search term
  -------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  \#1            Vaccination (MeSH) OR Vaccines OR Immunisation OR Immunization
  \#2            Pertussis vaccine (MeSH) OR acellular pertussis vaccine OR aP OR whole cell vaccine OR wP OR DTP OR DTwP OR DTaP OR Tdap OR DTaP-IPV OR DTaP/IPV/Hib OR DTaP/IPV/Hib/HepB OR dTpa OR TdaP-IPV
  \#3            Antibody (MeSH) OR Immunogenicity (MeSH) OR immune response OR humoral immunity OR cellular immunity OR cell-mediated immunity OR T-cell response OR B-cell response OR IgG OR IgA OR Th1 OR Th2 OR Th17
  \#4            \#1 AND \#2 AND \#3

MeSH, medical subject headings.

Electronic databases {#s2h}
--------------------

The following electronic databases will be accessed during the literature search for published articles: PubMed, Cochrane, EBSCO Host, Scopus and Web of Science.

Selection of eligible studies {#s2i}
-----------------------------

The first author (FA) will perform an initial screening of titles and abstracts to determine the eligibility of literature sources. Thereafter, full texts of studies meeting the inclusion criteria will be retrieved for a more detailed screening. Two independent reviewers (FA and EAD) will then read the full text of the studies to evaluate if they meet the inclusion criteria. Date of study publication, setting, design and methods, participants/groups and outcomes will be used as a guide when screening the full texts. Any discrepancies will be resolved by discussion and consensus with assistance from other co-reviewers.

Data collection process {#s2j}
-----------------------

A data extraction form will be used to collect relevant information from the studies selected for inclusion in the review. Where the required data are not clearly defined, an attempt will be made to contact the relevant authors for clarity. A template of the data extraction form is provided in the supplementary material Online [supplementary table 1](#SP1){ref-type="supplementary-material"} shows the variables to be abstracted and these include the following:Study characteristics: study objectives, type of pertussis vaccine (vaccine name, brand, composition, details of chemical detoxification), vaccination schedule/regimen used.Participant information: participants' demographic data, sample size, recruitment method.Methods: study design, inclusion criteria, antigens present in vaccines.Outcome measures: pertussis vaccine-induced immune response, immunoassays, antigens used during immunoassay assessments and biological samples tested.
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In non-randomised control trials, the impact of the vaccination schedule on immune responses may be difficult to assess. However, as this study will primarily be assessing the quality and quantity of immune responses, we are of the opinion that the impact will be minimal, as this is more likely to be influenced by the period between receiving the last vaccine dose and the time of assessing the immune response than the number of previous doses received or the vaccination schedule adopted.

Risk of bias in individual studies {#s2k}
----------------------------------

Eligible studies will be appraised using risk of bias tools based on the study design. In the case of cross-sectional studies, a modified risk of bias and quality of prevalence studies assessment tool described by Hoy *et al* [@R31] will be used (see online [supplementary table 2](#SP1){ref-type="supplementary-material"}). Bias reporting for the individual studies will be categorised as high risk, moderate risk and low risk based on aggregated scores.

Data synthesis {#s2l}
--------------

Quantitative data will be summarised and reported as proportions, mean or median estimates. Heterogeneity will be evaluated based on the age of study participants, vaccine type, immunological assays, immunological outcomes, type of biological samples tested, antigens used in the immunoassays and the study settings. Variations in study characteristics will be reported in a narrative manner. Quantitative data will be presented using tables while qualitative data will be described.

Statistical heterogeneity between study results will be evaluated using χ^2^ test of homogeneity, with an I² statistic, where values of 25% reflect low heterogeneity, 50% medium heterogeneity and 75% high heterogeneity. Data will be pooled where sufficient homogeneity is observed between evaluated studies (I^2^statistic\<50%). Furthermore, a funnel plot will be used to assess for publication bias. Finally, data analysis will be performed using STATA (STATA Corporation, College Station, TX, USA) V.14.0 for statistical calculations and RevMan V.5.3 for meta-analysis (Forest plots).

Subgroup analysis {#s2m}
-----------------

A subgroup analysis will be conducted based on the study population, type of vaccine (wP or aP) and type of immune response (cell-mediated or humoral).

Sensitivity analysis {#s2n}
--------------------

Sensitivity analysis will be used to determine the overall effect of study sample size (following exclusion of highly biased studies using the appropriate screening tool for each study type) on the study outcomes in the data that have been meta-analysed.

Data management {#s2o}
---------------

The first author will be in charge of data management and will from time to time collaborate with the last author (EAD). An electronic main folder bearing the name of the project will be created. Other subdirectories will be created to store specific accessory tasks carried out vis-a-vis list of selected articles, compilation of articles included and excluded from the review, database of extracted information, risk of bias assessment outcomes, analysed data as well as working copies and completed review manuscripts. Three substitute copies of the main folder will be stored in two separate memory cards and the hard drive of a password-protected computer.

Patient and public involvement {#s2p}
------------------------------

Patients were not directly involved in defining the research question, or in the design and development of this systematic review protocol. The research focus for this protocol was defined by the authors by identifying a critical gap in the available evidence on pertussis vaccinology.

Reporting the review {#s2q}
--------------------

The review protocol has been compiled using the PRISMA-P reporting guidelines.[@R32] Guidelines for reporting systematic reviews in the revised 2009 Preferred Reporting Items for Systematic Reviews and MetaAnalyses (PRISMA) statement will be used in this study. An abridged study selection process using flow diagrams with a listing of excluded studies and why the studies were excluded will be used in the systematic review.

Discussion {#s3}
==========

The reported resurgence of pertussis in countries using either wP or aP suggests the need to better understand the immune response to both vaccine types.[@R30] By better understanding the immune response to pertussis vaccines, it may be possible to develop evidence-based interventions such as optimal vaccination strategies or new and improved pertussis vaccines. Evidently, robust systematic evidence on the immune response to pertussis vaccines is needed to contribute to the field of pertussis vaccinology.

Furthermore, as the need and urgency to develop improved pertussis vaccines grows, so does the need to better characterise the immune response to currently recommended pertussis vaccines. It is anticipated that the findings of this systematic review will contribute to expanding the knowledge-base on the immune response to pertussis vaccines. Such evidence could inform global pertussis control efforts and guide the design of optimal studies aimed at assessing the immune response induced by pertussis vaccines.

Ethics and dissemination {#s4}
========================

Ethics approval is not required for this study as it is a systematic review. We will only make use of data already available in the public space. Findings will be reported via publication in a peer-reviewed journal and presented at scientific meetings and workshops.
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======================
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